Interleukin-15 (IL-15) is a recently identified cytokine of the four-helix bundle family that was independently described by two separate laboratories (6, 17) . It shares functional attributes with IL-2, including enhanced proliferation of phytohemagglutinin-activated human T cells, generation of cytotoxic T lymphocytes, and activation of human NK cells (7, 14, 17) . In addition, IL-15 can induce differentiation and proliferation of B lymphocytes (2) and is chemotactic for human T lymphocytes but not monocytes, polymorphonuclear leukocytes, or B lymphocytes (45) . Northern blot analysis has indicated highlevel expression of IL-15 message in monocytes/macrophages, placenta, and skeletal muscle and expression at lower levels in heart, lung, kidney, liver, and epithelial cells (17) . However, unlike the extensively studied lymphokine IL-2, with which it shares many of the same bioactivities, IL-15 is not produced by activated peripheral blood T cells.
IL-15 utilizes the ␤ and ␥ subunits of the IL-2 receptor (IL-2R) complex for binding and signal transduction (15) . Anti-IL-2R-␤-chain but not anti-IL-2R-␣-chain antibodies have been shown to abrogate some IL-15 activities (2, 7, 15, 17, 45) . Furthermore, B lymphocytes isolated from patients with Xlinked severe combined immunodeficiency that lack the ␥ chain of the IL-2R cannot proliferate or differentiate in response to IL-15 (29) . However, some cell types express one or more IL-15-specific receptor components that are distinctly different from known components of the IL-2R (16, 41) .
Invasive fungal infections are an ever-increasing problem in the management of immunocompromised patients. With the poor prognosis associated with mycoses in this population, there has been an increased focus on potential means for augmenting the immune system. A number of cytokines, including the colony-stimulating factors (CSFs) granulocyte CSF, granulocyte-macrophage CSF (GM-CSF), and macrophage CSF (M-CSF), the interferons (IFNs) gamma IFN (IFN-␥) and IFN-␣, and the interleukins IL-2 and IL-12, have been evaluated for their role in augmenting the host response to fungal pathogens (25, 37, 46) . Little information is available on the role of IL-15 in the host response to infection. IL-15 augments T-cell-mediated immunity against Toxoplasma gondii (21) and Salmonella cholaraesuis (33) and may be important in the host response to human immunodeficiency virus (HIV) infection (10, 39) . To assess the potential role for IL-15 in augmenting the phagocytic host response, we examined its effects on functional responses of human monocytes and compared these responses to those seen with IL-2. Specifically, we examined the effects of IL-15 on human peripheral monocytes as measured by superoxide production, NADPH oxidase gene expression, fungicidal activity against and phagocytosis of Candida albicans, and the release of other cytokines.
MATERIALS AND METHODS
Reagents. Phorbol myristate acetate (PMA) (Sigma Chemical Co., St. Louis, Mo.) was stored at Ϫ70°C in a stock solution of 2 mg/ml in dimethyl sulfoxide. Working solutions were prepared fresh daily by diluting PMA in Hanks balanced salt solution (HBSS) containing calcium and magnesium to a final concentration of 500 ng/ml. Horse heart cytochrome c (Sigma) was used at a final concentration of 50 M. Mouse monoclonal anti-IL-2R-␤-chain antibodies (R&D Systems, Minneapolis, Minn.), rabbit polyclonal anti-IL-2R-␥-chain antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.), and mouse monoclonal anti-penicillin type I isotype-matched control antibodies (Calbiochem, San Diego, Calif.) were used in neutralization studies. Human recombinant IL-2 (4 ϫ 10 6 U/mg) and human recombinant IL-15 (2 ϫ 10 6 U/mg) were obtained from Genzyme (Boston, Mass.) and R&D Systems, respectively. Complete culture medium consisted of RPMI 1640 (Mediatech, Washington, D.C.), supplemented with 10% fetal calf serum (GIBCO Life Technologies, Gaithersburg, Md.) and Lglutamine and penicillin-streptomycin (Sigma).
Organism. A clinical isolate of C. albicans (strain 86-21), originally isolated from a neutropenic patient, was used throughout these experiments. Prior to use, the organism was streaked from a frozen stock onto Sabouraud dextrose agar and incubated at 37°C for 24 h. Well-isolated colonies were subsequently inoculated into Emmon's modification of Sabouraud glucose broth, incubated in a gyratory water bath at 37°C for 18 h, centrifuged, and washed twice with 0.154 M NaCl. Organisms were resuspended in HBSS, and the concentration was adjusted by hemacytometer counts. The blastoconidia were opsonized in 50% pooled human AB-positive serum for 30 min at 37°C, washed once, and resuspended in HBSS to a final concentration of 10 7 organisms/ml. Organisms were maintained on ice until use.
Isolation of peripheral blood monocytes. Peripheral blood monocytes were isolated from healthy human donors by a two-step procedure consisting of automated leukophoresis and counterflow elutriation (model J-6M centrifuge; Beckman Instruments, Fullerton, Calif.) (42) . Cell viability was Ն95% as determined by trypan blue exclusion, and the cell population isolated was Ն95% monocytes as determined by morphology and nonspecific esterase staining. Following isolation, the monocytes were washed twice, resuspended in HBSS without calcium and magnesium, and kept on ice until use.
Respiratory burst assay. Superoxide anion (O 2 Ϫ ) production was measured spectrophotometrically in a discontinuous assay for superoxide dismutase-inhibitable cytochrome c reduction (20) . Monocytes ( 10 7 ) were incubated for 4, 18, or 48 h at 37°C with increasing concentrations of IL-2 or IL-15 in 1 ml of complete medium. Control cells were incubated in medium alone. Following cytokine treatment, the cells were washed once and used at a final concentration of 10 6 cells/ml in HBSS. PMA (500 ng/ml) or opsonized C. albicans blastoconidia (10 6 ) were added as stimuli, and the reaction mixtures were incubated on a rotator for 30 min at 37°C. Reference tubes contained the above-described constituents as well as 20 g of superoxide dismutase per ml or contained stimuli without cells. Cells and organisms were removed by centrifugation at 4°C, and the absorbance at 550 nm was determined spectrophotometrically for each sample supernatant. Superoxide production was calculated by using the millimolar extinction coefficient for reduced cytochrome c and expressed as nanomoles of O 2 Ϫ per 10 6 cells per 30 min (28) .
Fungicidal assay. Monocytes were incubated for 18 h at 37°C with increasing concentrations of either IL-2 or IL-15 or with medium alone. Following cytokine treatment, the cells were washed once and their fungicidal activity was determined by a CFU assay. Serum-opsonized C. albicans blastoconidia were mixed with monocytes at a final effector-to-target cell ratio of 10:1 or 1:1 in HBSS containing 0.1% bovine serum albumin. Samples were incubated on a rotator at 37°C, and aliquots were collected at 30 and 90 min. Phagocytes were lysed in sterile water; samples were serially diluted and plated on Sabouraud dextrose agar plates. CFU were determined following a 24-h incubation at 37°C. The percent killing was calculated as follows: percent killing ϭ 1 Ϫ sample CFU/ control CFU ϫ 100.
Phagocytosis assay. Suspensions of 10 6 monocytes in complete medium were placed on 16-mm sterile circular glass cover slides in 12-well flat-bottomed plates (Costar, Cambridge, Mass.) and were incubated at 37°C in 5% CO 2 for 1 h. The nonadherent cells were removed by washing the glass cover slides once with warm HBSS. A 1-ml suspension of 10 6 C. albicans blastoconidia suspended in prewarmed complete medium was then added and incubated with the cells for 1 h at 37°C in 5% CO 2 . Cover slides were washed three times with warm HBSS to remove extracellular organisms, and cells were fixed and stained with modified Wright-Giemsa stain. The percent phagocytosis was calculated by determining microscopically the percent monocytes containing organisms.
Neutralization studies. Neutralization experiments were performed with antibodies against the ␤ chain (mouse monoclonal immunoglobulin G1) and ␥ chain (affinity-purified rabbit polyclonal antibody) of the IL-2R. Monocytes were preincubated for 1 h at 37°C with gentle agitation with either anti-␤ or anti-␥ IL-2R antibody in complete medium without antibiotics. IL-15 or IL-2 (100 ng/ml) was added, and the monocytes were incubated for an additional 18 h. Mouse anti-penicillin monoclonal antibodies and rabbit anti-chicken immunoglobulin G1, respectively, were used as isotype-matched controls. Superoxide anion release was measured as described above.
Northern blot analysis. Total mRNA was isolated from cytokine-treated monocytes by the RNAzol method (TEL-TEST, Inc., Friendwood, Tex.) according to the instructions of the manufacturer. Twenty micrograms of mRNA per well was loaded and electrophoresed on a 1% agarose-formaldehyde gel. The mRNA was transferred to Hybond-N ϩ (Amersham, Arlington Heights, Il.) overnight and UV cross-linked. The membranes were prehybridized overnight at 42°C in a solution containing 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 5ϫ Denhardt's solution, 50% formamide, 0.25% sodium dodecyl sulfate, and 20 g of single-stranded DNA. Overnight hybridization with a random-primed radiolabelled cDNA probe was performed (38) . Three separate full-length cDNA probes, p40-phox, p47-phox, and gp91-phox, were used consecutively. Washing conditions were as follows: 2ϫ, 1ϫ, and 0.5ϫ SSC, each containing 0.1% sodium dodecyl sulfate, at 42°C for 20 min each. Autoradiography was performed at Ϫ70°C with X-ray film (X-OMAT-A-R-Kodak; Eastman Kodak Co., Rochester, N.Y.) and an intensifying screen. Beta-actin was used as a standard for quantitation of the amount of mRNA loaded.
Proinflammatory cytokine levels. Levels of tumor necrosis factor alpha (TNF-␣), IL1-␤, and IL-12 released from cytokine-treated monocytes were determined with commercially available enzyme-linked immunosorbent assays. Monocytes were treated with 100 ng of IL-15 or IL-2 per ml, or with medium alone, and incubated for 18 h at 37°C. Cells were removed by centrifugation, and supernatants were analyzed according to the procedure recommended by the manufacturer (R&D Systems).
Statistical analysis. Statistical significance was determined by using an unpaired Student t test. All comparisons were two sided, and a P value of Ͻ0.05 was considered significant.
RESULTS
Superoxide anion production. Human monocytes were treated with 1 to 1,000 ng of IL-15 or IL-2 per ml for 4, 18, or 48 h prior to measuring the superoxide dismutase-inhibitable superoxide anion release. Figure 1 shows the results obtained when monocytes were incubated for 18 h with IL-15 or IL-2 and then stimulated with PMA (Fig. 1A) or opsonized C. albicans blastoconidia (Fig. 1B) . The effect was concentration dependent, with significant increases in measurable O 2 Ϫ from cells treated with Ն50 ng of IL-15 per ml or Ն100 ng of IL-2 per ml. Following PMA stimulation, IL-15-treated monocytes generated two-to threefold more O 2 Ϫ compared to untreated control monocytes (6.0 Ϯ 0.4 versus 2.4 Ϯ 0.3 nmol, respectively), with a maximal effect being seen with 100 ng/ml ( Similar results were obtained when monocytes were incubated for 48 h with either IL-15 or IL-2 and stimulated with PMA (Fig. 1C) or opsonized C. albicans blastoconidia (Fig.  1D) . The amount of superoxide released following 48 h of preincubation with IL-15 was comparable to that released from monocytes treated for 18 h. Incubation of monocytes for 4 h with either IL-15 or IL-2 did not augment O 2 Ϫ production regardless of the stimuli used to trigger the respiratory burst (data not shown).
Effect of combinations of IL-2 and IL-15 on superoxide production. Optimal release of O 2 Ϫ was observed when cells were preincubated with IL-2 and IL-15 at concentrations of Ն100 and 50 ng/ml, respectively. Therefore, combinations of suboptimal concentrations of each cytokine were analyzed to determine if a synergistic or additive effect could be observed. Figure 2 illustrates the results obtained when monocytes were treated with combinations of increasing concentrations of IL-15 and IL-2. The combinations of these cytokines did not show any additive or synergistic effect on the production of O 2 Ϫ following PMA stimulation. The effect of IL-15 appeared to be dominant, since the amount of O 2 Ϫ released with combinations of IL-15 and IL-2 was equivalent to the levels attained with IL-15 alone.
Neutralization of IL-15-induced enhancement in monocyte superoxide production. As the ␤ and ␥ chains of the IL-2R have been shown to participate in binding and signaling of IL-15, studies were performed with anti-IL-2R-␤-and anti-IL-2R-␥-chain antibodies to inhibit IL-15 activity. As shown in Table 1 , antibodies against the ␥ chain of the IL-2R and, to a lesser extent, anti-␤-chain antibodies were effective in partially abrogating IL-15 activity. There was 77 and 92% inhibition of the enhanced O 2 Ϫ release when the anti-␥-chain antibody was used at 5 and 10 g/ml, respectively. There was no neutralization of the IL-15-induced enhancement when isotype-matched control antibodies were used.
Antifungal activity and phagocytosis. Figure 3 illustrates the enhanced fungicidal capability of monocytes treated with IL-15 for 18 h. There was 55.2 Ϯ 6.0 and 69.7 Ϯ 3.6% killing of C. albicans by monocytes treated with 50 and 100 ng of IL-15 per ml, respectively; with untreated control monocytes, there was 19.0 Ϯ 4.7% killing. Treatment with IL-2 (100 ng/ml) also was effective in enhancing the fungicidal capability of human monocytes but to a lesser extent than IL-15 (45.0 Ϯ 7.9% versus 69.7 Ϯ 3.6%; P ϭ 0.02). However, treatment with neither IL-15 nor IL-2 resulted in enhanced phagocytosis of the blastoconidia (data not shown). Since monocytes were washed prior to incubation with C. albicans, neither IL-2 nor IL-15 was present during the incubation of cells with organisms. Therefore, the decrease in CFU of C. albicans per milliliter was not due to a direct effect of the cytokine on the fungus. Monocytes incubated for 48 h with either IL-2 or IL-15 did not show enhanced killing activity against C. albicans despite the increase in O 2 Ϫ release (data not shown).
FIG. 1. Enhanced O 2 Ϫ production by IL-15-and IL-2-treated monocytes. Human elutriated monocytes were treated for 18 h (A and B) or 48 h (C and D) with increasing concentrations of IL-15 (o) or IL-2 (1)
. Untreated control cells were simultaneously incubated in medium alone (Ⅵ). Cells treated for 48 h also were incubated with a combination of IL-2 and IL-15 at 50 ng of each per ml (;). Superoxide anion release was measured in response to PMA (A and C) or opsonized C. albicans blastoconidia (B and D), as described in Materials and Methods. Data were collected from four to six experiments, performed in duplicate with different donors, and are expressed as means Ϯ standard errors of the means. There was a significant enhancement in O 2 Ϫ release from cells treated with Ն50 ng of IL-15 per ml ‫,ءء(‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001) or Ն100 ng of IL-2 per ml ‫,ء(‬ P Յ 0.05; ‫,ءء‬ P Ͻ 0.01) in response to both PMA and C. albicans blastoconidia. Northern blot analysis of IL-15-treated monocytes. Northern blot analysis of mRNA extracted from untreated monocytes and from monocytes treated for 18 h with 100 ng of IL-15 per ml was performed to determine if enhanced O 2 Ϫ production was due to an upregulation in gene expression of components of the NADPH oxidase. With this method, there was no significant increase detected in mRNA for p40-phox, p47-phox, or gp91-phox (Table 2) . Monocytes treated with 100 U of IFN-␥ per ml as a positive control demonstrated an increase in mRNA expression for both gp91-phox and p47-phox.
Release of proinflammatory cytokines. In order to determine if the enhancement of superoxide release and fungicidal activity of IL-15-treated monocytes was due to the release of other proinflammatory cytokines, supernatants harvested from treated and nontreated cells were analyzed. As shown in Table  3 , IL-15 treatment did not induce release of detectable levels of TNF-␣, IL-1␤, or IL-12 from these monocytes.
DISCUSSION
Invasive fungal infections, especially disseminated candidiasis, are major medical challenges in the management of immunocompromised patients (35) . Since phagocytic cells play a critical role in normal host defenses, enhancing their function through administration of recombinant cytokines may be of potential clinical utility. Accordingly, we examined the ability of IL-15 to modulate normal human phagocyte function. We found that pretreatment of normal human monocytes with IL-15 enhanced O 2 Ϫ release in response to both soluble and particulate stimuli, i.e., PMA and opsonized C. albicans blastoconidia, respectively. The enhanced oxidative burst was observed following 18 or 48 h of treatment with IL-15. Furthermore, antibodies against the ␥ chain of the IL-2R were able to neutralize the IL-15 enhancement of O 2 Ϫ production. Treatment of monocytes with combinations of IL-15 and IL-2 did not result in additive or synergistic effects on O 2 Ϫ release. In addition, IL-15-treated (18 h) monocytes showed an increase in fungicidal activity against C. albicans but not an enhanced ability to phagocytose the organism. However, monocytes treated with IL-15 for 48 h did not retain the enhanced candidacidal activity.
IL-2 has been reported to modulate monocyte function by enhancing microbicidal and tumoricidal activity as well as cytokine and H 2 O 2 release (12, 26, 43) . Wahl et al. showed that IL-2 enhanced O 2 Ϫ production in monocytes that were preincubated with suboptimal concentrations of either lipopolysaccharide (LPS) or LPS plus IFN-␥ (43). To our knowledge, FIG. 3 . Fungicidal activity of monocytes against C. albicans following treatment with either IL-15 or IL-2 or a combination of IL-15 and IL-2. Monocytes were incubated with 1 to 100 ng of IL-15 or IL-2 per ml or with a combination of 50 ng of both cytokines per ml for 18 h prior to testing fungicidal activity against C. albicans. Untreated control cells were simultaneously incubated in medium alone. The figure depicts the 30-min time point at an effector-to-target cell (E:T) ratio of 10:1. Data were collected from three experiments performed in duplicate, using different donors, and are expressed as means Ϯ standard errors of the means. There was a significant enhancement in fungicidal activity with cells treated with Ն50 ng of IL-15 per ml, 100 ng of IL-2 per ml, and the combination of these cytokines. a Expressed as fold increase over expression by resting cells (ϭ 1). Total mRNA was isolated from monocytes that were treated with IL-15 (100 ng/ml), IFN-␥ (100 U/ml), or medium alone for 18 h. Levels were determined by imaging densitometry after correction for total mRNA levels against a ␤-actin control. The data presented are results obtained from two separate experiments. The effects of GM-CSF, M-CSF, IL-3, and IFN-␥ on the respiratory burst and/or microbicidal activity of monocytes have been reported previously (5, 13, 27, 31, 40) . Increased candidacidal activity of GM-CSF-treated monocytes was shown to correlate with an increase in O 2 Ϫ production (40). With human monocytes collected from sarcoma patients with severe neutropenia, increased O 2 Ϫ production following continuous infusion of recombinant GM-CSF has been reported (34) . In a recent study, M-CSF has been shown to augment microbicidal activity of human monocytes collected from patients with metastatic cancer following M-CSF therapy (36) . In our studies, IL-15 was not capable of prolonging the enhanced candidacidal activity of monocytes despite the continued enhancement of O 2 Ϫ production. It is possible that the physiologic changes that occur in these cells during culture affect their ability to maintain the enhanced candidacidal activity induced by IL-15. Similar results were reported by Wang et al., who showed that monocytes cultured in IFN-␥ progressively lost their Candida-killing activity after 2 days in culture (44) .
At this point, the mechanism by which IL-15 modulates monocyte function is not clear. Enhanced oxidative burst activity following cytokine treatment may be a result of its action on the phagocyte NADPH oxidase complex. Levels of protein and message for gp91-phox increase in response to IFN-␥ (1, 18, 32) . The effects of IFN-␥ on p47-phox message and protein levels are more complex, with some authors reporting an increase and others reporting a decrease, depending on the types of phagocytic cells studied (1, 9, 18, 19, 24) . However, the increase in O 2 Ϫ production following monocyte treatment with IL-15 did not correlate with an increase in mRNA for gp91-phox, p47-phox, or p40-phox. Thus, it is likely that the increased O 2 Ϫ release is not directly related to an upregulation of gene expression of NADPH oxidase components. Our findings suggest that the enhanced respiratory burst activity is due to one or more of the following: a posttranslational effect involving increased protein expression and/or assembly of the NADPH oxidase complex or a prostimulatory effect on signal transduction pathways critical for activation of the NADPH oxidase. This increase in O 2 Ϫ production without a significant increase in mRNA for NADPH oxidase components is similar to findings reported for monocytic cells treated with M-CSF or IFN-␥ (9, 36).
Another potential mechanism responsible for the IL-15-induced enhancement of superoxide release could be its ability to stimulate the release of other proinflammatory cytokines. Those which previously have been shown to augment functional activity of phagocytic cells include IL-1␤, TNF-␣, and IL-12 (22, 23, 37) . However, supernatants collected from IL-15-treated monocytes did not have detectable levels of any of these cytokines. These findings are similar to those recently reported by others (4, 30) . However, Badolato et al. did report an increase in release of monocyte chemotactic protein 1 following IL-15 treatment (4), which also could be responsible for the upregulation in release of superoxide anions (3). It is possible that IL-15 treatment induces the release of still other inflammatory cytokines that could have a role in regulation of monocyte function, and this thus warrants further investigation.
There is a paucity of data available on the role of IL-15 in response to infectious agents or its effect on monocyte function. Recent studies suggest that IL-15 may have a potent immunoregulatory role during HIV infection by enhancing the proliferation of peripheral blood mononuclear cells in response to HIV-specific antigens (39) and by restoring the deficient production of IL-12 by peripheral blood mononuclear cells from HIV-positive patients (10) . With murine models, it has recently been reported that IL-15 may play a protective role against Toxoplasma and Salmonella infections (21, 33) . Here we provide evidence that IL-15 may play a role in modulating human monocyte antimicrobial activity against Candida.
The production of IL-15 by LPS-activated human monocytes and its role in NK cell activation have been reported (8) . In addition, pretreatment of murine bone marrow-derived macrophages with IFN-␥ followed by stimulation with BCG results in enhanced production of IL-15 mRNA (11) . These data, along with data presented in this report, suggest that IL-15 may be an important protein in activating antimicrobial pathways of both phagocytic and nonphagocytic cells. Further investigation is warranted to determine the utility of IL-15 as a single agent and in combination with other immunomodulators for augmenting host defenses against opportunistic infections.
